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ABSTRACT

This work describes the synthesis of organometallic titanium oxides using low-pressure plasmas of water on titanium
tetrapropoxide (TTP) in solid phase with glow discharges in the 0.3 - 0.9 mbar, 100 - 150 W and 60 - 240 min intervals.
The accelerated particles in the plasma promoted chemical reactions which produced the partial separation of organic
and inorganic parts of TTP with the consequent formation of TiO in organometallic films and particles with photosensi-
tivity. These compounds could hardly be obtained by conventional chemical synthesis. The size of particles was calcu-
lated in the 50 - 414 nm interval. The elemental analysis of the titanium oxides indicates that the C/Ti and O/Ti atomic
ratios are in the 0.63 - 0.54 and 1.89 - 1.96 intervals respectively, depending on the conditions of synthesis, which sug-
gests that the organic residues are approximately half of the inorganic content. This proportion affects the X-ray diffrac-
tion of the organometallic compounds making them essentially amorphous; however, they may have overlapped ar-
rangements resembling some faces of anatase, at 25.3° and 32.5°, and rutile, at 43°, phases. The electrical conductivity
of TiO between 20°C and 100°C was from 10'* to 10> S/m with activation energy in the 0 - 2.12 eV interval with 3
tendencies associated with temperature.
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1. Introduction be an option for obtaining TiO in less time and with
similar morphologies to those obtained by the traditional
routes. Low energy plasmas have proven to be very ac-
tive in the degradation of organic materials and in the
formation of polymer nanoparticles with particle size
between 35 and 350 nm [5]. On its part, high energy
plasmas have been used in the preparation of TiO in
amorphous or crystalline phases, as anatase and rutile.

Titanium oxide nanoparticles have been produced by sol-
gel, hydrolysis, precipitation or micro-emulsion proc-
esses [1-4]. The syntheses are usually carried out in two
stages: nucleation from the first chemical reactions with
the precursor and growth in which agglomerations of
molecules appear. Both can occur in one phase, usually
liquid, or combined with vapor or solid phases. The re-

sulting compounds are particles of Ti oxides and residues 1 h¢ morphology of TiO obtained by plasma has been
of the chemical reactions, which depend on the initial mainly as partially crystalline thin films with O/Ti
precursors. The choice of a precursor, organic or inor- atomic ratios between 1.92 and 2.7 [6]. TiO coexists in
ganic, to obtain TiO depends on the synthesis route. The crystalline and amorphous phases with surfaces up to
most popular precursors are: Titanium tetrachloride (TiCly), ~ approximately 79 m’-g ' for crystalline states and up to

Titanium butoxide (IV) (Ti(OBu)y), Titanium acetyl ace- 385 m”g ' in the amorphous phases [7]. The thermal
tonate (AAT), Titanium tetraisopropoxide (TTIP) and  stability can reach up to 900°C, depending on the com-

Titanium tetrapropoxide (TTP). The route used in the syn-  binations of phases and on the organic content.
thesis of TiO using TTIP is sol-gel, however, it has the The superficial properties of TiO and its derivatives
disadvantage of needing long synthesis time. are related to its, intense white color, thermal stability
Techniques using accelerated particles in plasmas may and its ability to absorb and reflect an incident light.
When absorbing light, the incident energy can be trans-
"Corresponding author. ferred to other materials on its surface through a photo-
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chemical potential. The photo-activity of TiO can be ap-
plied to oxidize molecules or to create free radicals or
OH groups. This activity can be combined with the large
active area of nanospheres to degrade molecules, in the
sorption of pollutants [8,9] and in small-scale semicon-
ductor devices [10-12].

In this context, this work has the objective of studying
the synthesis of TiO particles with a TTP precursor in
plasma glow discharges of water. This precursor is formed
with Oxygen atoms around the Ti atom and chains of 3-C
hydrocarbon segments attached to each O atom, see Fig-
ure 1(a). The accelerated ions in the plasma have the role
of removing the organic part of TTP molecules, the 3-C
chains, to leave the metal oxide fraction, O-Ti-O, see
Figure 1(b). To do this, it is important to balance the
synthesis conditions between particles and films.

2. Synthesisof TiO

The syntheses of TiO were made in a vacuum tubular
glass reactor of 1500 cm® with stainless steel flanges and

electrodes, 6.5 cm diameter separated 8 cm, see Figure 2.

The electric discharges were produced at 13.56 MHz
with resistive coupling. TTP was spread on sample hold-
ers, frozen with liquid nitrogen and placed inside the
reactor, between the electrodes. The degradation of TTP
to produce TiO was obtained with water vapor plasmas.
The syntheses were made in the following intervals:
0.3 - 0.9 mbar, 100 - 150 W and 60 - 240 min. Depend-
ing on the electric field applied to the reactor, the parti-
cles ionize and accelerate in the plasma to form a rain of
ions and electrons, which in similar experimental ar-
rangements, the electronic density and energy have been
calculated in the order of 10° part/cm® and 15 eV, respec-
tively [13,14]. In these conditions, the atomic bonds of

(@ (b)

Figure 1. Illustration of collisons of plasma particles on
TTP molecules. (a) TTP. TTP molecule. Ti is the central
atom; the red circles around it are oxygen atoms. The
branches are composed of 3-C hydrocarbon segments; (b)
TTP and particles. A TTP molecule interacting with plasma
particles. The smaller dots represent accelerated charged
particles.

Copyright © 2012 SciRes.
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Figure 2. Images of the reactor used in the synthesis of TiO
with glow discharges in resistive coupling. (a) Lateral view
of the reactor, electrodes and glow discharge; (b) Sample
holders with the precursor on the surface; see the position
between the electrodes.

TTP molecules, whose energies do not exceed 10 eV,
break in multiple points. This effect produces the partial
separation of organic and inorganic parts of TTP with the
consequent formation of TiO.

The inorganic fraction remains on the sample holder.
The smallest organic molecules evaporate and leave the
surface of the holders. However, the fragments react
among them to form large complex molecules that are
difficult to evaporate. No attempts were made to separate
the TiO fraction from the organic components in the final
products. For this reason, there are traces of the organic
content in the TiO powder. This combination is studied
calculating the O/Ti and C/Ti atomic ratios in the final
products.

3. Results
3.1. Elemental Analysis

The elemental analysis of the organometallic TiO com-
pounds synthesized with two different conditions was
done by X-ray energy dispersive spectroscopy (EDS)
with an Oxford 7279 probe coupled with a scanning
electron microscope and is shown in Table 1. The ele-
ments of the analysis were C, O and Ti, see Figure 3.
This analysis does not consider the participation of H
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atoms.

Comparing these numbers with the elemental content
of the precursor, it was found that the percentage of C
reduced almost 5 times, since the participation in the
precursor was 70.6% and decreased to 15.6% in the final
compounds. A similar analysis can be applied to the Ti
content which increased about 5 times. On its part, the O
content increased twice, however this number has the ad-
ditional contribution of the water added to the synthesis.

These data suggest that in the process some small or-
ganic molecules are released, but that the rest remain
with the Ti oxides in the final compounds. The C/Ti
atomic ratio was reduced by approximately 20 times
from the precursor, 11.98, to 0.63 and 0.54 in the final
compounds. This ratio suggests that the organic residues
are half of the inorganic content. On the other hand, the
O/Ti atomic ratio was reduced from 4 in the precursor to
1.96 and 1.89 in the final compounds. These relation-
ships are very close to the typical Ti oxide, 2, (TiO,).

3.2. Crystallography

Figure 3 shows the X-ray diffraction of TiO synthesized
by plasma at 100 W and 60 min, the other conditions
used generated similar diffraction patterns. The spectra

Table 1. EDS Atomic percentage of TiO powder. The par-
ticipation of H was not consider ed.
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Figure 3. Deconvoluted diffractogram of TiO powder syn-
thesized by plasma at 100 W and 60 min. Lines |abeled as A
and R represent diffraction angles of Anatase and Rutile,
respectively.

Copyright © 2012 SciRes.

were performed on a Siemens D5000 diffractometer in
the 26 range between 10° and 55°. The spectrum shows a
large dispersion of data, in black, with a red line indicat-
ing the central tendency. The blue curves inside the cen-
tral tendency represent deconvoluted patterns of the dif-
fraction. In vertical lines, the plot has the position of the
main diffraction angles of TiO, crystalline phases: Rutile
(R) (20=127°,36°, 41°, 44°) in dotted dark red lines, and
Anatase (A) (20 = 25°, 33.5°, 37°, 48°) in dashed green
lines, to compare with the TiO diffraction of this work.

The spectrum has two amorphous tendencies, the first
and widest has centroid at 27° and the second and small-
est one has centroid at 43°. Both angles are similar to two
rutile diffraction angles. The wide interval of angles
suggests that the material does not have dominant dif-
fraction planes, but many small structures that diffract
the incident beam in a large range of angles. As the ma-
terial is formed with TiO and hydrocarbon structures, the
TiO diffaction could be overlapped with the diffraction
of the other organic contributors generating this amor-
phous scheme.

The general diffraction was decomposed into smaller
regions to study if it is the sum of small individual dif-
fractions of the known anatasa or rutile phases. The re-
sult is the interior blue curves, which indicates that the
overall trend could be due to 3 internal diffractions with
centroid at 25.3°, 32.5° and 43.2° [15], FWHM = 12.4°,
9.4° and 2.16°, respectively. These centroids are close to
the intense diffraction peaks corresponding to anatase,
25° and 33.5°, and to rutile, 44°. Note how the curves
assigned to anatase are separated from that assigned to
rutile suggesting separated phases.

However, the FWHM parameters indicate that the
curves inside are too wide to be networks of pure Ti-O
arrangements. One possibility is that the curves include
both, Ti-O and Ti-O-C semi-ordered arrangements. Pure
Ti-O arrangements generate intense diffraction peaks, but
not Ti-O-C segments, which are part of the TTP structure
used as precursor in this work. The crystallite size calcu-
lated with the Sherrer equation, L =kA/fcos@, for the
deconvoluted segments with anatasa tendency is 6.35 A.

3.3. Morphology

The material obtained in the synthesis is powder with
small white particles and large agglomerates in the form
of transparent glassy flakes. The materials were formed
on the surface of the sample holders and on the inner
reactor surface. Figure 4 shows 4 images of powder and
agglomerates taken at 230x magnification. The images
were taken with a Dino-Lite AMU13 digital microscope.
Each image shows the same area but with different illu-
mination. Materials absorb and/or reflect an incident
electromagnetic beam with different intensity depending
on its photo-sensitivity and wavelength.
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In Figure 4(a) the powder was illuminated with visi-
ble light. It shows a dark background with white areas
and semi-transparent regions with material of different
composition. White areas contain the smallest particles.
The organic fraction is composed of carbon and oxygen,
so it tends to absorb an incident beam in the red and in-
frared region, see Figure 4(b) whose surface was illu-
minated with a red laser beam, 630 - 689 nm. The red
light is partially absorbed by the organic fraction,
enlightening comparatively the inorganic components,
which are formed with Ti oxides.

However, as the wavelength reduces, other details of
the sample appear. This can be seen in the photograph
illuminated in the blue region, 403 nm. In the blue and
ultraviolet region, the beam interacts with deeper elec-
tron orbitals revealing that some of the bright spots ob-
served with the red illumination are spherical particles;
see Figure 4(c). In the green laser lit photograph, 532 nm,
the brightness is more intense and shows a combination
of all the above areas, see Figure 4(d).

An important point to note is that the semitransparent
flakes, bottom left of Figure 4(a) can only be observed
with white light. Figure 5 shows 4 images of scanning
electron microscopy of TiO synthesized in the 100 - 150
W interval during 240 min. The micrographs were obtained
with a Jeol 5900 LV microscope. The images show films
and agglomerates in several configurations of semispheri-
cal particles with diameters between 155 and 413 nm.

Figure 5(a) shows agglomerates of hemispherical par-
ticles with diameters between 155 and 191 nm joined in
random groups. Monolayers of particles surfaces in two
dimensions are shown in Figure 5(b). Irregular films of
compacted stacked layers with apparent pore diameter
below 500 nm can also be observed, see Figure 5(c).
They were obtained at 240 min and 150 W.

3.4. Electric Conductivity

The electric conductivity was calculated measuring the
resistance of TiO between two Cu electrodes with an
OTTO MX-620 multimeter as a function of temperature
in the 25°C - 100°C interval. The samples were heated to
release humidity and low molecular weight residues
originated in the synthesis. After that, the samples were
left to cool in the atmosphere. The conductivity (o) was
calculated along both, the heating and cooling routes [16].
The electronic activation energy (Ea) was calculated with
the linearized Arrhenius Equation (2) [17].

;&1
o=0,e'" )

Ino=Ino, -

E

4 2
T (2)
where k is the Boltzmann constant and 7 is absolute
temperature.

Copyright © 2012 SciRes.
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Figure 4. 230x magnification digital-optical photographs of
TiO synthesized by resistive plasma. Note the different de-
tails that can be observed at each wavelength. (a) TiO illu-
minated with visible light; (b) TiO illuminated with a 660
nm laser; (c) TiO powder illuminated with a 403 nm laser;
(d) TiO illuminated with a 532 nm laser.

AMPC



216 F. GONZALEZ-SALGADO ET AL.

(d)

Figure 5. Morphology of TiO obtained at: (a) and (b) 100 W
and 240 min. (c) and (d) 150 W and 240 min. Note the vari-
ety of morphology due to the organometallic precursor. (a)
Random agglomer ates of semispherical particles; (b) Mono-
layers of agglomerates of particles; (c) Porous film with
spherical particles of different diameter; (d) Closer view of
porous and particles on the surface.

Copyright © 2012 SciRes.

The global conductivity of TiO was calculated in the
102 - 107" S/m interval in which it has more than one
tendency as a function of temperature, see Figure 6. The
hysteresis of conductivity during the heating and cooling
steps can be attributed to the influence of moisture and to
the residual volatile organic content, which are released
during the heating step, affecting the conductivity in the
cooling segment. In these conditions, the values can be
considered the volumetric intrinsic conductivity.

In the heating segment, conductivity increases from
10" to 107" S/m in the 25°C - 45°C interval with an Ea
= 0.83 eV. The second tendency appears from 45° to
90°C in which conductivity does not change significantly,
Ea = 0. This is the maximum conductivity of TiO, 8 x
107" S/m. After that, conductivity has a slow reduction
to 4 x 107" S/m from 90°C to 100°C. After this point,
without the influence of humidity during the cooling step,
the intrinsic conductivity of TiO can be calculated.

During the cooling step, conductivity is practically
constant, 3 x 107" S/m, between 100°C and 80°C with
Ea =~ 0. After this point, conductivity reduces to 7 x 10"
S/m at 47°C with Ea = 0.37 eV. After that, conductivity
reduces to 2 x 1072 S/m at 32.7°C with a different ten-
dency associated with Ea =2.12 eV, which is the highest
Ea for TiO. In the last step of this work, conductivity has
another reduction with Fa = 1.01 eV.

From a global point of view, TiO behaves as an insu-
lator because of its level of conductivity, but considering
the electronic activation energy, TiO behaves as a semi-
conductor with Ea depending on temperature, from ap-
proximately O to 2.12 eV. One important change of ten-
dency happens at 47°C which is remarkably noted during
both, heating and cooling steps. At higher temperatures,
Ea reduces to practically 0. This behavior suggests a
combination of thermally activated mechanisms.
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Figure 6. Conductivity in the Arrhenius scheme and activa-
tion energy of TiO. Right y-axis and upper x-axis are ap-
proximated.
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In other titanium oxide flakes, the electrical conductiv-
ity thermally activated at 300°C was calculated as 10™°
S/m, with activation energy of 0.87 eV [18]. In TiO films,
conductivity was calculated as 10~ S/m with activation
energy in the 0.76 - 1.55 eV interval [19]. The combina-
tion of organic compounds may reduce the conductivity
of the TiO powder obtained in this work.

4. Conclusions

Titanium oxides were synthesized with glow discharge
plasmas of water and titanium tetrapropoxide obtaining
films and agglomerates of particles in organometallic
compounds resulting from the degradation of TTP. The
particles have spherical geometry with diameters be-
tween 50 and 414 nm grouped in random and mono-lay-
ered arrangements of several micrometers. The films had
a porous morphology with apparent diameters below 500
nm.

Both, films and particles absorb and/or reflect light
with different wavelength indicating photo-sensitivity. It
is known that crystalline TiO compounds present photo-
sensitivity based on alternated Ti-O sequences in 3D
networks, however, this effect can also be reached with
different magnitude in organometallic compounds like
those of this work.

The C/Ti atomic ratio was used to reflect the participa-
tion of the organic and metallic fractions. C/Ti was 12 in
TTP, indicating a great organic content, and reduced to
0.63 and 0.54 in the final compounds, suggesting that the
organic fraction reduced to approximately half of the
inorganic content. On the other hand, the O/Ti atomic
ratio was reduced from 4 in the precursor to 1.96 and
1.89 in the final compounds, indicating that this ratio was
less affected than C/Ti. O/Ti is very close to the typical
ratio (2) in TiO, crystalline oxides. However, the diffrac-
tion pattern of organometallic TiO does not have domi-
nant planes, but two amorphous tendencies with cen-
troids at 27° and 43°. Both angles are similar to two rutile
diffraction angles. The first amorphous diffraction was
decomposed in two interior curves with centroids near
positions where anatase phase diffracts, 25.3° and 32.5°
respectively. These results suggest that the organometal-
lic TiO overlapped amorphous pattern has arrangements
that resemble some planes of anatase and rutile phases
separately.

The electrical conductivity of plasma TiO was in the
107" - 107"* S/m interval with activation energy between
practically 0 to 2.12 eV with 3 tendencies in the 20 -
100°C interval showing that as temperature increases, the
activation energy decreases. The electronic activation
energy locates the TiO obtained in this work in the
semiconductor materials with thermally activated mecha-
nisms.

Copyright © 2012 SciRes.
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